Abstract. Diamond nanoparticles (DNPs) are candidates for a new reflector material, because of their large coherent scattering cross section. In this study, we measure the differential cross sections of commercial DNP samples using the high-intensity total diffractometer (NOVA) instrument at beamline 21 (BL21) of the Japan Proton Accelerator Research Complex (J-PARC) Material and Life Science Experimental Facility (MLF). We measure two different DNP sample densities: a powder and a compacted sample with densities of 0.40 and 1.1 g/cm 3 , respectively. The packing density of the latter is increased through pressure. The differential cross section at a momentum transfer of 1 nm -1 is (3.7 ± 0.7) ´ 10 2 barn/str, which is 830 times that obtained for isotropic scattering by a 12 C nucleus. No significant difference is observed between the results for the powder and compacted samples.
Introduction
Neutrons are widely used for material sciences, imaging, fundamental physics, and so on, because of their unique properties; therefore, high-power neutron sources are required. At present, spallation neutron sources using mega-watt class accelerators have already been constructed or are under construction throughout the world [1] [2] [3] . However, construction of higher-power neutron sources is getting more difficult due to mechanical strength of the targets. Therefore, more effective neutron moderators and reflectors are required to yield more intense neutron beams. Diamond nanoparticles (DNPs) are candidates for a new reflector material, because they have a large scattering cross section as a result of their form factor [4] [5] [6] [7] [8] . Recently, chemically pure and uniformly sized DNPs have become inexpensive; hence, application of DNPs as neutron reflectors has become feasible. In this study, we measure the differential cross section of a commercial DNP using the high-intensity total diffractometer (NOVA) instrument on Beamline 21 (BL21) of the Japan Proton Accelerator Research Complex (J-PARC) Material and Life Science Experimental Facility (MLF) [9] . The packing density of DNPs is an important parameter as regards their use as neutron reflectors. Herein, we measure two different DNP samples: a powder sample with 0.40-g/cm 3 density and a compacted sample for which the packing density is increased to 1.1 g/cm 3 through pressure application.
Scattering formalism
When a neutron is scattered by nuclei, the scattering amplitude is enhanced if the scattered wave functions are coherent. The amplitude of a neutron scattered by a uniform spherical particle is calculated using the Born approximation [5] and is expressed as
cos( ) ( ) 6 7 , (1) where ( ) is the amplitude of the neutron scattered with angle , m is the neutron mass, and R and U0 are the radius and Fermi potential of the spherical particle. ℏ is the Planck constant. Further, q is the momentum transfer, expressed as
where k and are the neutron wavenumber and wavelength, respectively. The differential cross section is calculated as
Fig . 1 shows the q dependence of the differential cross sections of spherical DNPs with different radii of 1.0, 2.0, and 4.0 nm, as determined using Eqs. (1)- (3). We assumed that the DNP density was 3.1 g/cm 3 and that the DNP consisted of pure 12 C. The differential cross section was more than 1,000 times that of a single 12 C nucleus in the low-q region of less than 1 nm -1 . 
DNP samples
In this section, we describe the DNPs and the fabrication process of the samples used for the differential cross section measurements.
DNP specifications
In this study, uDiamond Ò Molto Nuevo (Carbodeon) DNPs were used. These DNPs are commercially available and have relatively high chemical purity. The DNP specifications are listed in Table 1 . A DNP is usually powdery, with a bulk density of 0.4 g/cm 3 , which is approximately 1/7th the density of 3.1 g/cm 3 of diamond. The DNP size is an important parameter. Therefore, a transmission electron microscope (TEM) image of the DNPs was obtained and the particle diameters were measured from that image. The TEM image is shown at the top of Fig. 2 , while the particle radius distribution, for which the radii were calculated so that the particles had the same area as those in the particle images, is shown at the bottom. The average DNP radius was 2.8 nm with a standard deviation of 1.1 nm. This finding is consistent with the specification given in Table 1 . 
DNP sample fabrication
In this work, we measured DNP samples with two different densities: a powder sample (0.40 g/cm 3 ) in an Al container and a compacted sample (1.1 g/cm 3 ) produced by applying pressure to increase the packing density. The fabrication methods are described in this subsection.
Powder DNP
The powder sample was fabricated by filling an Al cell with DNPs. The powder volume was 20 ´ 20 ´ 1.0 mm 3 . The Al cell was composed of Al050 aluminum alloy; the lid and container were each 0.5 mm thick and the total thickness was 1.0 mm. The powder sample was scraped off and sealed. The change in mass after the scraping was 0.1616 g. The density was calculated as 0.40 ± 0.4 g/cm 3 , with the uncertainty being estimated based on the machining accuracy. Fig. 3 is a photograph of a container filled with a powder sample. The scattering due to the container was evaluated by measuring another empty sample container. 
Pressurized DNP
For use as a neutron reflector, the DNP bulk density should ideally be approximately one half the diamond density. As mentioned above, the density of the "as is" powder is approximately 0.4 g/cm 3 . However, it is possible that the DNP performance as a reflecting material can be improved by increasing its density. Therefore, in this work, we shaped the powder into a solid by applying pressure using a die, so as to increase the bulk density.
The die was composed of 10-mm-thick steel, and was composed of a bottom and four side parts. A square hole of 10 mm ´ 10 mm with a depth of 10 mm was created in the center. The DNP powder (0.148 g) was deposited in the hole and pressed with a convex lid; pressure was applied by a hydraulic pressure device. The applied pressure was calculated from the cylinder area (7.16 cm 2 ) and convex lid size (1.0 cm 2 ). Hence, it can be stated the sample for which the scattering cross section was measured was fabricated by applying 220 MPa to 0.148 g of DNP powder. The DNP powder was compressed to be thickness of 1.3 ± 0.1 mm, which corresponds to a density of 1.14 ± 0.09 g/cm 3 . Photographs obtained during the sample fabrication are shown in Figs. 3-6 . 
Measurement
The differential cross section measurements were performed using the high-intensity neutron total diffractometer (NOVA) on BL21 at the J-Parc MLF [9] . A sample environment was prepared for auto sample change. NOVA can measure neutron scattering over a wide q range (0.1 < q < 1000 nm -1 ) with 0.35% resolution [10] . NOVA has five neutron detector banks placed at different angles that consist of 800-mm long positionsensitive 3 He propositional counters. Two transmissive gas electron multiplier (GEM) detectors were used as beam monitors, being positioned at the inlet and outlet of the sample position as beam monitors. The MLF provides a pulsed neutron with 25-Hz repetition. Neutron scattering of different wavelengths can be observed using the time of flight (TOF). However, during small-angle scattering measurements, slow neutrons generated in the previous pulse (frame overlap) are problematic. To avoid frame overlap, a tail cutter installed upstream was used to cut the neutrons with velocities of 196-500 m/s. Fig. 6 shows the spectrum of the inlet beam monitor. It is apparent that the neutrons were cut at 500 m/s, or 0.8-nm wavelength. Measurements were performed for the powder and solid samples described above, blank cells for each, and a V plate for calibration of the cross section. The V plate had an area of 37 ´ 30 mm 2 with 1.5-mm thickness. To correctly compare samples of different shapes, Cd collimators were placed immediately before the samples; then, the samples were irradiated with neutron beams of 10 mm ´ 10 mm. The measurements were performed for 3 ´ 10 3 s (7.0 ´ 10 3 kicker pulses) for each DNP sample and blank, and for 2 ´ 10 4 s (4.4 ´ 10 5 kicker pulses) for the V sample used for calibration. The beam power was 150 kW.
Analysis and results
The q dependences of the differential scattering cross sections were determined from the numbers of scattering neutrons detected by the detector banks. In accordance with the shapes of the samples and collimators, only three banks were employed in the front, i.e., SA, 20 deg. and 45 deg. banks. Thus, 90 deg. and backscattering (BS) banks were not used in this experiment. Note that neutrons faster than the Cd cut-off (~10,000 m/s) could not be analyzed correctly, because Cd was used for the beam collimator. Only neutrons with velocities of 500-6000 m/s were extracted based on their TOF. The backgrounds were subtracted using the values for the blank cells through normalization with the number of kicker pulses. The proton beam charges per pulse were stable in less than 0.1% of all measurements. The scattered neutrons were classified in terms of their q values, which were determined by the position and TOF results given by the 3 He detectors. The differential scattering cross sections were derived by normalizing the neutron counts for each q value; this normalization was performed using the counts for the V sample. The nucleus counts were normalized by the masses of the samples exposed to the neutron beam. The result had 4% uncertainty based on the machining accuracy of the Cd collimators.
V has low coherent scattering (0.0184 barn) and incoherent scattering is dominant (5.1 barn) [12] . Therefore, it can be assumed that most neutrons were scattered isotropically. However, inelastic scattering distorts the isotropic aspect of the differential cross section by 8% at room temperature (293 K) [13] . The obtained q distribution of the differential cross section for the compressed sample is shown in Fig. 8 Fig.2 . Furthermore, enhancement in the low-q region of less than 5 nm -1 is clearly apparent. As the differential cross section at 1 nm -1 is (3.7 ± 0.7) ´ 10 2 barn/str, 830 times enhancement over the 12 C isotropic scattering result is apparent; this enhancement occurred because of the DNP coherency. Note that the uncertainty of 20% was mainly caused by data scattering. Furthermore, the differential scattering cross section was strongly dependent on the DNP size and form. In Fig. 9 , the smoothed curve is overlaid on that of the powder sample, which was analyzed in the same manner as the pressurized sample. For the powder sample, sharp peaks are apparent in the high-q region, which were due to inaccurate subtraction of the Bragg reflections of the Al container. In the low-q region, there is no significant difference between the results for the powder and solid. The changes due to packing density correspond to larger structures, and are thought to have been observed in the lower-q region. 
Summary
A DNP has a large scattering cross section because of its coherent structure. In this study, we measured the q dependence of the differential scattering cross section of DNPs using the NOVA instrument at J-PARC. Two DNP samples with different densities were measured: a powder sample with a density of 0.40 ± 0.4 g/cm 3 and a compacted powder sample in which the density was increased to 1.14 ± 0.09 g/cm 3 . The latter was prepared through application of 220-MPa pressure by a hydraulic pump on a steel die. We observed a differential cross section constant of 0.442 barn/str, which corresponds to isotropic scattering of 12 C in a q region higher than 10 nm -1 , along with enhancement in the q region lower than 5 nm Although two samples with different densities were compared, i.e., powder and compacted samples, no significant difference was observed between the results for those samples.
